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The surface properties of paper depend not only on the fibrous matrix but also on the final treatment of the
paper surface. The present work compares paper samples with two different surface sizing treatments by
using AFM and profilometry to assess topography and roughness parameters as well as to evaluate the spreading
of the sizing formulation and to estimate sizing agent particle sizes. The results were confronted with dynamic
light scattering measurements regarding particle size. This work shows that AFM is a valuable technique to
visualize and quantify the effects of sizing on the paper surface. Due to the small amount of surface sizing
applied, no significant differences between the surface sized samples and the reference sample (without surface
treatment) could be detected in terms of the surface roughness parameters. Nonetheless, those of sample B1
are systematically smaller than those of sample A1.
Introduction
Printing quality is strongly influenced by the structural and
chemical properties of the paper surface, which depend not only
on the fibrous matrix but also on the final treatment of the
surface. This treatment may be of a physical nature, such as
calendering, and/or of a chemical nature, such as surface sizing
or coating. A common practice in industry regarding surface
sizing, which was also followed in this work, is to use a blend
of cationic starch and a synthetic surface sizing agent.1-3
Many studies pertaining paper coating can be found in the
open literature, concerning in particular the characterization of
paper surface in terms of physical and chemical properties.4-7
However, not many are related to the surface sizing of fine
papers. The present work aims at comparing the surface structure
of two paper samples with different surface sizing treatments
by using atomic force microscopy (AFM). The sizing perfor-
mance will be evaluated in terms of surface topography as well
as particle size, shape, and distribution over the paper surface.
Although scanning electron microscopy (SEM) has been
traditionally used for surface analysis, it requires a laborious
sample preparation (that can eventually change surface topog-
raphy), needs a vacuum, and does not provide high contrast
images on flat surfaces.8 To overcome these drawbacks, AFM
has been alternatively used, since it provides direct three-
dimensional images of almost any type of surface in ambient
air conditions, requires no sample preparation, and can resolve
extremely small surface features at both the microscale and the
nanoscale. Additionally, AFM images can be used to quantify
surface roughness parameters. Other surface properties as
hardness and adhesion can also be assessed. The technique
seems therefore especially suited for the present study and has
been previously applied by other authors for pulp and paper
characterization.9-12 The principles of AFM are well described
in the literature13-15 and therefore will not be detailed here.
In the present work, the results obtained by AFM will be
confronted with those of SEM in what concerns the homogeneity
of the surface treatment. The topographic parameters obtained
by AFM will also be compared with those provided by optical
profilometry, a noncontact technique increasingly used for
studies of the paper surface.3,16 The mean diameter of the sizing
particles estimated by AFM will be further compared with
measurements carried out in the sizing suspensions by dynamic
light scattering (DLS).
Experimental Methods
Two distinct surface sizing treatments applied on a calendered
uncoated base paper produced with a Eucalyptus globulus Kraft
pulp were analyzed. Two different blends of cationic starch and
acrylate copolymers, described in Table 1, were used for surface
sizing. A sample of the base paper without any surface treatment
was taken as reference (RP).
The surface sizing formulations were applied using a Mathis
laboratory device, SVA-IR-B, which operates automatically with
different velocities of the applicator roll. A 0.15 mm roll was
used and its velocity was adjusted to 6 m/min, so a total surface
sizing pickup of 3.5 ( 0.3 g/m2 (on both sides of the sheet)
was obtained. The drying process was performed in two steps:
first using an IR drier coupled to the applicator roll (1.0 kW)
followed by air drying for at least 10 min. The surface sized
samples were no further calendered.
The chemicals used for the preparation of the sizing formula-
tions were provided by a paper mill instead of being prepared
in laboratory. Because of this, information about their properties
was limited and/or confidential and thus the most relevant ones
had to be experimentally determined (Table 2). The calculation
of the ratio of monomers of each copolymer was based on
elemental analysis. These results together with the software
ChemSketch enabled derivation of the schematic representation
of the chemical composition of the copolymers, depicted in
Figure 1.17
AFM experiments were performed with a Nanoscope IIIa
microscope from Digital Instruments Inc. equipped with the
Extender Electronics Module, which enables phase imaging in
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Table 1. Sample Identification
sample surface sizing formulation (% w/w)
RP (reference paper) no surface treatment
A1 80% cationic starch, 20% co-acrylonitrile-acrylate
B1 80% cationic starch, 20% co-styrene-acrylate
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the tapping mode. High and low tapping images were acquired.
Topographic and phase contrast images were achieved directly
from the measurement device, while the three-dimensional (3D)
simulation images were computed using an advanced image
processing software (SPIP).
Preliminary experiments were performed in order to select
the most adequate tip since the effectiveness of this method
depends on the specific characteristics of the sample and of the
probe tip.17 In fact, it is known that images measured by AFM
are a convolution of the probe geometry and the shape of the
features being imaged. However, if the probe is much smaller
than the features, the generated artifacts will be minimal and
thus the dimensional measurements derived from the images
will be more accurate. Silicon cantilevers with a nominal tip
radius of curvature of 10 nm and a nominal cone angle of 40°
with a resonance frequency of 250-319 kHz were used. The
damping ratio set point amplitude/free amplitude was varied
between 0.5 and 0.8, and scanning rates from 0.7 to 2.0 Hz
were used. The free amplitude varied between 100 and 150 nm.
Surface topography and phase contrast images, corresponding
to 512 × 512 pixels in size, were acquired by measuring the
three samples (RP, A1, B1) in air. For that, areas of 5 × 5 µm2
were analyzed. Filtering was not used during scanning.
From AFM data, the following roughness parameters were
computed, using at least eight images per sample:18,19 average
roughness (Sa, µm); root-mean-square roughness (Sq, µm);
maximum peak height (Sp, µm); maximum valley depth (Sv,
µm); skewness (Ssk); and the ratio of the developed surface
area to the nominal surface area (Sdr).
Besides the roughness parameters, the diameter of the
copolymer particles was also estimated using SPIP software.
For that, an average of 100 particles were analyzed from two-
dimensional (2D) images, corresponding the particle diameter
to the average maximum Feret diameter.
The JSM-5310 scanning electron microscope (SEM) from
Jeol was used with a 20 kV accelerating voltage intensity, and
images with magnifications from 200× to 3500× were acquired
from the paper samples previously coated with gold in order to
guarantee beam conductivity and stability (the images obtained
with higher magnifications were not good enough for further
analysis).
The profilometry measurements were carried out using the
monochromatic laser profilometer Altisurf 500 from AltiMet
coupled with PaperMap software. For each sample at least six
images of 4 × 4 mm2 in size were scanned with a scanning
resolution of 2 µm. From the 2000 profiles obtained for each
piece, the aforementioned roughness parameters were computed.
Figure 2. SEM images of reference paper (RP) and of surface sized samples A1 and B1 for different amplifications of (a) 200× (scale bar corresponding
to 100 µm), (b) 1000× (scale bar corresponding to 10 µm), and (c) 3500× (scale bar corresponding to 5 µm), all obtained using a 20 kV accelerating
voltage.
Table 2. Properties of the Compounds Used To Prepare the Surface
Sizing Formulations
properties
compound
ratio of
monomersa
solids
content (%) pH
cationic starchb - 12.8 6.7
co-acrylonitrile-acrylate (A) 1:1 35.2 3.4
co-styrene-acrylate (B) 3:4 13.3 4.3
a Based on elemental analysis (using the equipment EA 1180
CHNS-O from Fisons Instruments). b The cationic starch suspension was
collected at the paper mill, and includes other process additives used in
industry, such as optical brightener (OBA) and salt.
Figure 1. Schematic representation of surface sizing agents: (a) co-
acrylonitrile-acrylate; (b) co-styrene-acrylate.
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Mean particle size and size distributions were measured for
the sizing formulations by dynamic light scattering (DLS) using
a Coulter N4 Plus.20,21 Samples were previously sonicated. At
least three independent measurements were performed for each
sample.20
Results and Discussion
Scanning electron microscopy (SEM) was first applied in
order to evaluate qualitatively the uniformity of the surface
treatment. The resulting images are presented in Figure 2.
The SEM images in Figure 2 reveal that surface sizing has
changed the surface to a more closed structure with less porosity
between the cellulose fibers. However, no fine structure can be
resolved on the studied paper surfaces.
These results were complemented with AFM images, in order
to get quantitative information on the sample topology, namely
surface texture and roughness. Figure 3 shows the AFM
topographic (a), phase contrast (b), and 3D simulation (c) images
obtained in the high tapping mode for the samples RP, A1, and
B1.
For the reference sample, the fine structure of the cellulose
fiber is well resolved, clearly showing bundles of microfibrils.
In the sized samples these bundles are not visible; instead, a
smoother surface is apparent with a granular fine structure. The
differences between the sized samples appear in terms of
spreading of sizing formulation as well as of the size of the
grains (particles). The co-styrene-acrylate appears to be more
evenly spread over the paper surface than the co-acrylonitrile-
acrylate. Besides, the particles of the former appear to be smaller
and more spherical than those of the latter.
The average values obtained for the topographical parameters,
together with the corresponding deviation values are listed in
Table 3. In addition, the diameter of the sizing formulation
particles, estimated in terms of the maximum Feret diameter
using the image analysis software SPIP, as mentioned before,
was enclosed.
All the topographic parameters exhibit a large standard
deviation. This may refer to the low homogeneity of the surfaces
Figure 3. Topographic (a), phase contrast (b), and 3D simulation (c) images of the samples RP, A1, and B1 obtained by AFM using high tapping mode.
Image size is 5 × 5 µm2 and z-range is 714.2 nm for RP, 207.3 nm for A1, and 196.4 nm for B1.
Table 3. Topographic Parameters Obtained by AFM for the
Reference Paper (RP) and for the Surface Sized Samples A1 and B1
parameter RP A1 B1
Sa (µm) 0.06 ( 0.02 0.07 ( 0.05 0.06 ( 0.05
Sq (µm) 0.09 ( 0.03 0.09 ( 0.07 0.08 ( 0.06
Sp (µm) 0.11 ( 0.05 0.11 ( 0.10 0.09 ( 0.09
Sv (µm) 0.10 ( 0.04 0.11 ( 0.08 0.07 ( 0.05
Ssk -0.38 ( 0.81 -0.14 ( 0.33 -0.04 ( 0.23
Sdr (%) 19.2 ( 14.1 25.7 ( 37.1 14.5 ( 21.0
mean particle diameter
AFM (nm)
- ≈350 ≈150
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at the nanoscale. However, the most probable explanation is
related to the reduced image areas analyzed (5 × 5 µm2) in
contrast to the size of the imaged objects. This may result in a
data set in which part of the images refer to fiber surfaces,
whereas others comprise edges of the fibers or only colloidal
material between cellulose fibers.
Higher values were expected for the roughness parameters
of the reference paper, when compared to those of the surface
sized samples, since distinct topographic features are clearly
visible in the 3D simulations of Figure 3. Nonetheless, the
comparison between samples A1 and B1 reveals that the latter
exhibits lower values for all the parameters, with special
relevance for Sv, Ssk, and Sdr.
The visual inspection of the AFM images also reveals two
important differences between the surface of samples A1 and
B1, not detected by the SEM analysis: the particles correspond-
ing to the sizing formulation of sample B1 are smaller (as
confirmed by the values of Table 3) and more uniformly
distributed on the paper surface. However, regarding particle
size, it should be mentioned that the present conditions are
not the most adequate to carry out accurate measurements
since (i) the size of the particles are of the same order of
magnitude as the topographical features of the substrate (fibers)
and (ii) particles are not well dispersed as recommended for
particle size measurements.22,23 Nonetheless, as explained above,
mean particle diameters were estimated from 2D images and
the results are confronted in Table 4 with those obtained by
dynamic light scattering (DLS).
Table 4 shows that although the values derived from AFM
are larger than those obtained by DLS, the relative size (DB/
DA) only differs by 10%. As mentioned, discrepancies between
the results of the two techniques were to be expected since, in
AFM, particles are analyzed in the solid state (most probably
aggregated), whereas by DLS particles are adequately dispersed
in a liquid. Additionally, the relatively low values obtained for
the polydispersity index (0.38 and 0.21 for A and B, respec-
tively) ensure that these samples are adequate to be analyzed
by DLS.
The results of AFM regarding topographical parameters were
also confronted with those of optical profilometry analysis, listed
in Table 5.
The absolute values of the parameters Sa, Sq, Sp, and Sv
listed in Table 5 are larger (by at least 2 orders of magnitude)
than those obtained by AFM (Table 3), demonstrating the strong
scale dependence of these parameters. This apparent discrepancy
obtained with different techniques is also found in the results
reported by other authors.12 Besides, the standard deviations
obtained for each profilometry measurement are much smaller
than the corresponding AFM values, indicating that roughness
at the macroscale is less heterogeneous than roughness at the
microscale (assessed by AFM). The much larger areas scanned
by profilometry may certainly contribute to this reduction in
the variability of the results. In fact, studies published in the
literature revealed that statistical topographic parameters such
as Sa, Sq, and Ssk can be affected by image size.24 Moreover,
as referred to before, some of the 5 × 5 µm2 images may include
mainly fibers while others may correspond only to interfiber
spaces. From Table 5, it is also clear that regarding roughness
no significant differences exist between the three samples, in
agreement with the results of AFM, and that the surface of the
paper samples is mainly composed of valleys rather than peaks,
since Sv is consistently larger than Sp and simultaneously Ssk
is negative. Nevertheless, the results of profilometry also show
that the Sv, Ssk, and Sdr values of sample B1 are inferior to
those of sample A1, as found in Table 3.
In general, and although the microscopic images of the three
samples tested exhibit different features (especially those of
Figure 3), the data were too heterogeneous to demonstrate
clearly quantitative differences in the roughness parameter
values. Two facts may contribute to this result: (i) the amount
of sizing used in each paper surface (approximately 1.7 g/m2,
similar to the values used in industry) was probably not enough
to introduce significant changes in the surface roughness of the
reference paper and (ii) the two sizing formulations were too
identical to cause clearly distinct impacts on the topographic
parameters (in fact, both sizing formulations contain 80% starch
and only 20% copolymer (co-acrylonitrile-acrylate or co-
styrene-acrylate) with different particle sizes). Finally, it should
be mentioned that these sizing formulations have induced a
relevant impact on the surface chemistry of the paper samples,
as described by the authors in another publication.25
Conclusions
The above results confirm that SEM and AFM are useful and
complementary tools that can be successfully used to study paper
surface sizing as the former provides a general view of the
surface structures whereas the latter enables resolution of small
details on the paper surface. From AFM images it was possible
to detect topographic differences not only between the unsized
and sized samples but also between samples sized with distinct
surface sizing formulations. Moreover, differences in the
copolymer distribution on the paper surface as well as in the
copolymer particle sizes were clearly visible. Nonetheless, these
differences were not directly reflected on the roughness param-
eters quantified by AFM, which were affected by large devia-
tions mainly due to the sample nature and to the small scanned
areas.
Despite considerable differences between the absolute values
of AFM and profilometry, the results of the latter (with much
less deviation) confirm the similarities in the values of roughness
parameters evaluated for all samples. Nonetheless, a closer look
at the results (Tables 3 and 5) reveals that the statistical
topographic parameters of sample B1 are consistently smaller
than those of sample A1. In particular, a relevant difference
was found regarding the developed surface area ratio (Sdr),
leading to the conclusion that the surface sizing formulation
containing co-styrene-acrylate is more evenly distributed,
rendering the paper surface of sample B1 smoother.
Table 4. Comparison of Mean Particle Diameters Computed from
AFM Data and Measured by DLS
compound
AFM particle
diam (nm)
DLS
hydrodynamic
diam (nm)
co-acrylonitrile-acrylate (A) ≈350 255
co-styrene-acrylate (B) ≈150 83.6
mean diameterB/mean diameterA (DB/DA) 0.43 0.33
Table 5. Topographic Parameters Obtained by Profilometry for the
Reference Paper (RP) and for the Surface Sized Samples A1 and B1
parameter RP A1 B1
Sa (µm) 2.87 ( 0.11 2.97 ( 0.04 2.96 ( 0.09
Sq (µm) 3.60 ( 0.14 3.74 ( 0.04 3.69 ( 0.08
Sp (µm) 2.57 ( 0.19 2.28 ( 0.07 2.88 ( 0.01
Sv (µm) 4.04 ( 0.17 4.57 ( 0.18 3.54 ( 0.11
Ssk -0.31 ( 0.04 -0.49 ( 0.04 -0.14 ( 0.03
Sdr (%) 10.27 ( 0.33 10.35 ( 0.07 8.67 ( 0.02
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